Signal transducer and activator of transcription 3 (STAT3) plays an important role in the tumor formation and metastasis. In this study, short hairpin RNA targeting STAT3 was cloned into pGenesil-2 plasmid vector and the effects of STAT3 silencing in 4T1 breast cancer cells were analyzed both in vitro and in vivo. Forty-eight hours after transfecting with pSi-STAT3, the expression level of STAT3, the upstream regulator and downstream targets were measured using Western blot. Moreover, the effects of pSi-STAT3 on migration and invasion in 4T1 cells were tested using wound-healing and tube formation assay. Furthermore, 4T1 subcutaneous mice model was used to evaluate the effects of pSi-STAT3 on tumor growth and metastasis. Proliferation, apoptosis, angiogenesis in tumor tissues and lung metastases were measured by PCNA, TUNEL, and CD31 immunostaining, respectively. Our results indicated that siRNA targeting STAT3 could significantly silence STAT3 expression in 4T1 breast cancer cells and result in inhibition of 4T1 breast cells migration and HUVECs tube formation. In vivo, pSi-STAT3 delayed tumor growth (p<0.01) and reduced tumor weight (p<0.01) by 67.19% and lung metastases (p<0.01) by 86.81% compared with the 5% GS control group, accompanied with apoptosis induction (p<0.01) and angiogenesis inhibition (p<0.01). In summary, our data showed that knockdown of STAT3 by plasmid-based siRNA might be a potential therapy against breast cancer.
Surgery, radiation therapy and chemotherapy are the useful way to control many primary tumors, but these treatments have limited effectiveness in curbing the metastases formed by disseminated primary tumor cells at distant anatomic sites (1) . And these metastases caused ninety percent of cancer-related mortality (2) . Breast cancer is the major cause of morbidity and mortality in women worldwide, meanwhile lung metastases are occurred in most breast cancer (3) . There are abundant studies to show that constitutive activated signal transducer and activator of transcription 3 (STAT3) is frequently found in breast cancer samples (4) .
STAT3 is a point of convergence for numerous oncogenic signaling pathways, including tumor cell apoptosis, cell cycle, cell invasion and tumor angiogenesis. There are abundant evidences for the involvement of STAT3 in tumor cell invasion. Specifically, activated STAT3 regulates the invasion of melanoma cells by regulating the gene transcription of matrix metalloproteinase 2 (MMP-2) and matrix metalloproteinase 9 (MMP-9) (5), which play an important role in the process of invasion and metastasis of many malignant tumors, particularly because of its ability to degrade the basement membrane (6) . Recent studies have shown that STAT3 transcriptionally activates Twist (7), a transcription factor that control embryonic morphogenesis and imparts carcinoma cells the ability to metastasize from the mammary gland to the lung (8) . Activated STAT3 affects tumor angiogenesis by regulating the expression of multiple pro-angiogenic molecules in tumor cells and participating in the signal transduction of angiogenic molecule receptors in tumor endothelial cells. In fact, STAT3 activation is necessary for endothelial cell proliferation, migration, and microvascular tube formation, by directly target VEGF and bFGF (5, 9, 10) . There is tight association between STAT3 activation and tumor progres-sion. Thus, STAT3 is an attractive molecular target for the development of novel cancer therapeutics.
RNA interference (RNAi) is a specific posttranscriptional gene silencing mechanism, which is triggered by doublestranded RNA (dsRNA) and regulates the expression of protein-coding genes (11) . Since its high efficacy and specificity in antiproliferative and/or proapoptotic effects in cell-culture systems or in preclinical animal models, RNA interference technology is now widely used as a potential therapeutic strategy (12) . Several siRNA have been into the clinic, including Bevasiranib (Acuity Pharmaceuticals, Philadelphia, Pennsylvania, USA) which tested in human clinical trial; RTP801i-14(Quark Pharmaceuticals, Fremont, California, USA) is now running a phase I/IIA clinical trial (13) .
The 4T1 cell line was originally derived from a spontaneous mouse mammary carcinoma from the BALB/c strain (14) . It has been reported that 4T1 cells get the high capacity of migration and invasion (15) . The injection of 4T1 cells into the subcutaneous of the BALB/c mice could form metastases at the distant organs relatively primary tumor growth (16) . Therefore, 4T1 breast subcutaneous mice model is an appropriate model to mimic human breast cancer with regard to tumor growth and metastasis in vivo. Thus, it is the best mice model to investigate the effect of STAT3 on primary tumor growth and metastasis.
In this study, we specifically silenced STAT3 using a plasmid-based siRNA expression system and studied the effects on breast cancer cell growth and metastasis in vitro and in vivo. The results shown that pSi-STAT3 significantly inhibit tumor growth and metastasis in vivo.
Materials and methods
Vector construction. Plasmids were constructed by using the pGensil-2 parental vector (Genesil Biotechnology Company, Wuhan, China). Oligonucleotide sequences of STAT3-siRNA (5'-CAG GGT GTC AGA TCA CAT GGG CTA A-3') were designed according to a published sequence of STAT3-siRNA (17) , which was shown to efficiently silence STAT3 expression in vitro and in vivo. Oligonucleotide sequences of scramble-siRNA, which have no homology with any of the mammalian sequence, were designed as negative. SiRNA-expressing plasmids were constructed by the Genesil Biotechnology Company (Wuhan, China). The resulting recombinant plasmid was named as pSi-STAT3 or pSi-Scramble, respectively. Both of the two constructs were verified by DNA sequencing. Plasmids were extracted using EndoFree Plasmid Giga kits (Qiagen GmbH, Hilden, Germany) from DH5α Escherichia coli transformants and stored at -20 °C before use. The concentration was determined by measuring A 260 /A 280 ratio using UV spectorphotometry.
Cell line and transfection conditions. The 4T1 cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). 4T1 cells were cultured in Dulbecco's Modified Eagle's Medium containing 10 % FBS (Gibco, Carlsbad, CA, USA). All the cells were maintained in a humidified atmosphere containing 5 % CO 2 at 37 °C. Cell transfection was carried out using FuGENE® HD Transfection Reagent (Roche, Indianapolis, IN, USA) according to the manufacturer's instructions. Briefly, 4T1 cells were seeded in 6-well plates at a density of 2 × 10 5 cells/well and cultured for 24 h to reach 70~80% confluence. 2 µg plasmids (pSiScramble or pSi-STAT3) were diluted in 100 µl media without serum and added 5 µl FuGENE® HD Transfection Reagent to the tubes containing diluted DNA, mixed and incubated the transfection complex for 15 min at room temperature, and then added to the 6-well dishes. Meanwhile, medium alone was used as blank agent. Cells and the supernatant were harvested 48 h after transfection for RT-PCR, Western blot and human umbilical vein endothelial cells (HUVECs) tube formation analysis. All transfections were performed in triplicate.
Western blot. Cells were lysed on ice for 30 min with RIPA Lysis Buffer (containing 50 mM Tris-HCl, pH 7.4; 1 % NP-40; 0.25 % Na-deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg/ml aprotinin, leupeptin, pepstatin each; 1 mM Na3VO4; 1 mM NaF). The proteins (10 μg) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electronically transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA). After blocking, the membranes were incubated with recommended dilution primary antibodies against STAT3, p-53, Cyclin D1, Src, pTyr-Src, AKT, pSer-AKT, Survivin, MMP-9 and MMP-2 (Cell Signaling, Boston, MA, USA), VEGF and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by incubation with peroxidase conjugated secondary antibodies (Abcam, Cambridge, MA, USA). Peroxidase-labeled bands were visualized using an ECL kit (Pierce, Rockford, IL, USA).
Cell proliferation assay. 4T1 cells were plated out in 200 µl of medium at a concentration of 1×10 4 cells per well in 96-well plate. 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium (MTT) (Sigma, Poole, Dorset, England) was dissolved in H 2 O, and 100 µl was added into the 96-well plate. MTT-formazan produced by cells was obtained by incubation of cells for 4 hours. MTT was removed and the formazan crystals dissolved in DMSO. The absorbance was determined at wavelength of 570 nm. The same experiments were performed in three times.
Tube formation assay. The wells of a 96-well plate were coated with ice-cold BD MatrigelTM matrix gel solution (BD Biosciences, San Jose, CA, USA). After polymerizing the matrix at 37 o C, HUVECs were seeded onto the polymerized EC matrix at a concentration of 2×10 4 cells in 100 μl of EGM-2 (Lonza Walkersville, Walkersville, MD, USA) media per well; 100 μl of the cell supernatant after transfection 48 h was immediately added. The tubule branches were photographed after 6 h of incubation. The HUVECs capillary-like structures were counted in per yield. The results of three independent experiments are given.
Wound-healing assay. 4T1 cells were grown to 80-90% confluence in 6-well plates, which were transfected by STAT3-siRNA. A wound was made by dragging a plastic pipette tip across the cell surface after 24 h. The phase contrast images of the wounds were recorded at 37°C for incubations of 0 and 48 h, and 3 separate experiments were performed. The cells were transfected by pSi-Scramble or blank as the controls. Image J software was used to evaluate the migration rate of 4T1 cells.
Cationic liposome and preparation of pDNA/lipoplexes. Cationic liposome was prepared as multilamellar vesicles for in vivo use as described previously. Briefly, DOTAP (1, 2 dioleoyl-3-trimethylammonium-propoane) (Alabaster, AL, USA) and cholesterol (Sigma-Aldrich, St. Louis, MO) were mixed in a 1:1 molar ratio, dried down in round-bottom tubes, then rehydrated in 5 % glucose solution by heating at 50 °C for 6 h. For in vivo injection, pDNA/lipoplexes were prepared immediately before injection by gently mixing cationic liposome with plasmid DNA at a ratio of 12.5 µg total cationic liposome to 2.5 µg plasmid DNA, to a final concentration of 12.5 µg plasmid DNA per ml in a sterile solution of 5 % glucose in water.
Tumor growth and treatments in vivo. To establish 4T1 subcutaneous cancer model, 8×10
5 4T1 cells were injected subcutaneously into the right flank regions of female BALB/c mice (6-8 weeks old). After a week, when the tumors could be palpable, the animals were randomly assigned to three independent groups of five mice and subjected to systemic treatment with one of the following treatments: 5 % glucose, pSi-Scramble, and pSi-STAT3. Plasmid DNA (2.5 µg) and cationic liposome (12.5 µg), in 100 µl of 5 % glucose was injected into the mouse tail vein three times a week (on Monday, Wednesday, and Friday). Tumor diameters were measured one time every three days during the treatment period. Tumor volume was estimated using the formula: tumor volume (mm 3 ) = length (mm) × [width (mm)] 2 × 1/ 2. The weight, appetite, and behavior of the mice were observed. Mice were euthanized after 10 times of treatment and dissected tumors were weighed. The tumors and viscera were examined grossly and microscopically stained with H&E. Animal studies were performed in accordance with the Institutional Animal Care and Treatment Committee of Sichuan University (Chengdu, People's Republic of China).
Immunostaining and H&E staining. Expression of STAT3, VEGF, PCNA and CD31 was performed with rabbit antimouse STAT3 antibody (Cell Signaling, Boston, MA , USA), rabbit anti-mouse VEGF antibody, mouse anti-human PCNA antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and rat anti-mouse CD31 antibody (BD Biosciences, San Jose, CA, USA), respectively. Tumor sections (3-5 µm) of paraffinembedded were mounted on 3-aminopropyl triethoxysilane (APES)-coated glass slides. Sections were deparaffinized in xylene, treated with a graded series of alcohol [100 %, 95 %, and 80 % ethanol/double-distilled H 2 O (v/v)], and rehydrated in PBS (pH 7.4). Antigene retrieval was done by heating for 3 min in a pressure cooker with 0.1 mol/L citrate buffer (pH 6.0). Endogenous peroxide was blocked with 3 % H 2 O 2 for 10 min. After PBS washes, slides were blocked with 5 % normal goat serum in PBS for 15 min at room temperature followed by incubation with primary anti-STAT3 (1: 100), anti-VEGF (1: 500), anti-PCNA (1: 400) or anti-CD31 (1: 400) antibody in blocking solution overnight at 4 °C. All slides were subsequently incubated with a 1: 200 dilution of biotin-conjugated goat anti-mouse, goat anti-rat or goat anti-rabbit secondary antibody for 15 min at 37°C and streptavidin-biotin complex at 37°C for 15 min. The immunoreaction was visualized by using diaminobenzidine (DAB) peroxide solution and cellular nuclei were counterstained with hematoxylin. All specimens were evaluated using Olympus B×600 microscope and Spot Fiex camera. Control samples exposed to secondary antibody alone showed no specific staining.
To detect apoptotic cells in tumor tissues, TUNEL assay using a DeadEndTM Fluorometric TUNEL System (Promega, Madison, Wisc, USA) was performed following the manufacturer's protocol. Cell nuclei with dark green fluorescent staining were defined as TUNEL-positive nuclei. TUNELpositive nuclei were monitored by fluorescence microscope. To quantify TUNEL-positive cells, the number of green fluorescence-positive cells was counted in random fields at × 200 magnification. Cell nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI).
Statistical analysis. Data are expressed as the mean ± SD. Statistical analysis was performed by Student's test for comparing two groups and by ANOVA for multiple group comparisons. P<0.05 was considered statistically significant. The Statistics Analysis System was used for all statistical analyses.
Results

Specific knockdown of STAT3 in 4T1 breast cancer cells in vitro.
The pSi-STAT3 and pSi-Scramble plasmid were transfected into 4T1 breast cancer cells, respectively. Fortyeight hours later, the cells were harvested, and the expression level of STAT3 was analyzed by Western blot. As shown in Fig.  1A , dramatic suppression of STAT3 expression was observed in 4T1 cells treated with pSi-STAT3 plasmid, compared with blank group.
Then, the effect of Stat3 protein reduction on 4T1 cell proliferation was examined by MTT assay. We determined the absorbance at 0 h, 24 h, 48 h and 72h after 4T1 cells transfected with pSi-STAT3 plasmid. As shown in Fig 1B, there was no change in cell proliferation after the STAT3 knockdown in 4T1 cells (p=0.71). To further investigate the signaling pathway, we examined the upstream regulator and downstream targets of Stat3 in 4T1 cells after knockdown of STAT3. We found that the expression level of VEGF, MMP-9 and MMP-2 was reduced by pSi-STAT3 plasmid. At the same time, the phosphorylation of Src, the upstream regulator of Stat3, was eliminated in 4T1 cells after knockdown of STAT3, compared with the two control groups. However, there was no change in Src protein, as shown in Fig. 1C . To investigate the molecule mechanism of STAT3 on 4T1 cell proliferation, we also examined the expression level of p53, Cyclin D1 and Survivin protein after STAT3 knockdown. As shown in Fig. 1C , no change was found in the p53, Cyclin D1 and Survivin protein level. In addition, the phosphorylation of Akt was reduced after STAT3 knockdown in 4T1 cells and the Akt protein level was not changed (Fig. 1C) .
STAT3-siRNA inhibited HUVECs capillary-like structures formed in vitro. Tube formation, an assay for the capillary formation of HUVECs, is a simple but powerful tool for examining angiogenetic associations. In this study, after polymerizing the matrix at 37 o C, HUVECs were seeded onto the polymerized EC matrix at a concentration of 2×10 4 cells in 100 μl of EGM-2 media per well; 100 μl of the cell supernatant after transfected with pSi-STAT3 or pSi-Scramble 48 h was immediately added. After incubated at 37 o C for 6 h, HUVECs were grown to form capillary-like structures on the Matrigel TM surface in the blank and pSi-Scramble group, but the supernatant of pSi-STAT3 group inhibited the capillary-like structures formed ( Fig. 2A) . HUVECs capillary-like structures were counted as described in the "Materials and methods". The number of pSi-STAT3 group was significantly lower than that of the blank and pSi-Scramble group: 15.70± 1.60(pSi-STAT3) versus 42.90±0.90 (pSi-Scramble) and 46.60±2.20 (5% glucose, p<1x10 -4 , Fig. 2B ).
STAT3-siRNA inhibited 4T1 cells migration in vitro.
The wound-healing assay was performed to determine the STAT3-siRNA effect on 4T1 cells migration. As shown in Fig.  2C , the results revealed that cell migration was inhibited in the pSi-STAT3 group, but no inhibition was observed in the two control groups, blank and pSi-Scramble. Image J software was used to calculate the migration rate (% of control, P=1x10 -4 , Fig. 2D ).
STAT3-siRNA inhibited 4T1 tumor growth and lung metastasis in vivo. We determined the effects of silencing STAT3 by plasmid-based siRNA on tumor growth and lung metastasis in vivo. 4T1 breast subcutaneous mice model was used in this study. Since the high capacity of migration and invasion, 4T1 cells could metastasize to the lung from primary tumor. So, it is the best mice model to investigate the effect on primary tumor growth and metastasis. As shown in (Fig. 3A) . Moreover, tumor weight was measured at the termination of the animal experiment. Mean tumor weight was 0.37±0.11; 1.09±0.21; 1.15±0.31 in pSi-STAT3/liposome complex group, pSi-Scramble/liposome complex group and 5 % glucose group, respectively (p=0.008, Fig. 3B ). Meanwhile, an 86.81 % decrease in the number of macroscopically visible lung metastases was achieved by pSi-STAT3/liposome complex (p=2x10 -4 ), compared with pSi-Scramble/liposome complex group. Examination of the lungs revealed an average of 4 visible lesions in mice injected with pSi-STAT3/liposome complex, whereas the 5 % glucose and pSi-Scramble/liposome complex group exhibited an average of 31 and 20 lung metastases, respectively (Fig. 3C&D) . Furthermore, lung metastases were determined by H&E staining of the lung. As shown in Fig. 3E , fewer and smaller lung metastases were observed in the lung from pSi-STAT3/liposome complex treated mice than the two control groups.
STAT3-siRNA inhibited STAT3 and VEGF expression in vivo.
To determine the STAT3 status in these tumors, we used immunohistochemistry to evaluate the level of STAT3 gene expression in tumor tissues. As shown in Fig. 4A , we got the results that STAT3 expression was inhibited in the mice treated with pSi-STAT3/liposome complex. VEGF take an important role in angiogenesis in vivo, and we have demonstrated that pSi-STAT3 significantly decreased the VEGF expression in vitro. Thus, immunohistochemistry was used to evaluate the expression level of VEGF in the tumor tissues. The results also suggested that VEGF expression was inhibited by the pSi-STAT3/liposome complex in vivo.
STAT3-siRNA inhibited angiogenesis in vivo. Angiogenesis in tumor tissues was assessed by immunohistochemistry by use of CD31 antibody, with high specific affinity for vascular endothelial cells. Brown staining by biotinylation was observed by microscopy. Our data suggested that the mean , Fig. 5B ). Meanwhile, no significant difference of mean MVD was found between the control groups (p>0.05).
STAT3-siRNA induced tumor apoptosis in vivo. The TUNEL assay was applied to detect apoptosis in tumor tissues. As shown in Fig. 5C , within a similar field of view, more TUNEL-positive cells were observed in tumor tissues from the mice treated with pSi-STAT3/liposome complex than pSi-Scramble/liposome complex and 5 % glucose: 29.60±3.40 versus 6.20±1.90 or 4.10±0.80 (p<1x10 -4 ). Cell nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI), data not shown. In addition, we performed PCNA immunostaining to further study the STAT3-siRNA effect on tumor cell proliferation. According to the data, the percentage of PCNA-positive cells was 66.5±8.1 %, 69.3±10.6 % and 64.0±4.3 % in 5 % glucose, pSi-Scramble/liposome complex and pSi-STAT3/liposome complex, respectively (p=0.66, Fig. 5A ).
Discussion
In the present study, we used a 4T1 breast cancer model that could form metastases in the lung to evaluate whether knockdown of STAT3 by systemic delivery of pSi-STAT3 inhibits primary tumor growth and metastasis. Our results show that pSi-STAT3 leads to a significant inhibition of tumor growth and metastasis mediated by inducing tumor cell apoptosis, reducing angiogenesis and inhibiting cell invasion. As a primary tumor grows, it needs to develop a blood supply that can support its metabolic needs -a process called angiogenesis. Meanwhile, these new blood vessels can also provide an escape route by which cells can leave the tumor and enter into the body's circulatory blood system (18) . Continued tumor growth at metastatic sites is angiogenesis dependent too (19) . Angiogenesis is a complicated process that tightly regulated by both positive and negative regulators, most important is VEGF. Thus VEGF-targeting is the most useful strategy for cancer gene therapy. Granulocyte macrophage colony-stimulating factor (GM-CSF) was used to inhibit breast cancer growth and metastasis by blocking VEGF activity (20) . Xie et al have reported that VEGF is down regulated by knockdown of STAT3 in melanoma cells (5) . In our study, we found that the expression of VEGF in 4T1 breast cancer cells was reduced by pSi-STAT3 in vitro and in vivo.
Further results showed that pSi-STAT3 reduced blood vessels formation significantly (p<1x10 -4 ) in tumor tissues. Since cutting down the support of metabolic needs of solid tumor, tumor cell apoptosis induction (p<1x10 -4 ) and lung metastases inhibition (p=2x10 -4 ) were found in the pSi-STAT3 group. These results correlate well with other studies examining the biological effects of VEGF blockade in patients treated with Bevacizumab (Avastin) (21) .
As a point of convergence for various oncogenic signaling pathways, STAT3 regulates numerous oncogene and cancer suppressor gene expressions. Activated STAT3 can induce NF-κB p100 processing to P52, which subsequently inhibits the apoptosis of prostate cancer cells (22) . STAT3 also can repress p53 expression by binding to the p53 promoter and affect p53-mediated tumor cell apoptosis (23) . Recent studies have shown that STAT3 activation is required for the induction of MMP-9 in transformed human mammary epithelial cells (24) . Twist, inducing tumor metastasis by silencing E-cadherin expression and EMT induction, has been found that takes an important role in breast cancer metastasis (8, 25) . Therapeutic silencing of miR-10b, which is a downstream target of Twist, inhibits metastasis to lungs in 4T1 mammary mouse model (26) . Importantly, in our study, we found that knockdown of STAT3 by pSi-STAT3 inhibits MMP-2 and MMP-9 protein expression (Fig. 1C) and Twist mRNA expression (data not shown) in 4T1 cells. The inhibition of MMP-2, MMP-9 and Twist expression is consistent with our findings that 4T1 cells treated with pSi-STAT3 lose the ability to migrate in vitro (p=1x10 -4 ) and metastasize to lung from primary tumor in vivo (p=2x10 -4 ). Additionally, activated STAT3 has been shown to protect tumor cells from apoptosis and promote cell proliferation by regulating genes encoding antiapoptotic and proliferation-associated proteins, such as Bcl-xL, Mcl-1, Bcl-2, Fas, cyclin D1, and c-Myc (27) (28) (29) (30) . Interestingly, we found that the proliferation and apoptosis of 4T1 cells transfected with pSi-STAT3 in vitro were not significantly different from the pSi-Scramble and blank groups, whereas pSi-STAT3 significantly induced tumor cell apoptosis in 4T1 tumor model. The mechanism of VEGF inducing apoptosis may explain the different results we got. It's well known that growth, persistence and dissemination of solid tumors are angiogenesis dependent (31) . The tumor will lose their support of metabolic needs after knockdown of VEGF, because blood vessels are inhibited. This would induce tumor cell apoptosis in vivo. Whereas, in vitro, the blood vessels are not necessary for cells getting metabolic needs. At the same time, Twist is not required for the proliferation of 4T1 cells in culture (8) . There are various evidences that altered STAT3 activity may inhibit proliferation in cancer cells. However, it's interesting to note that pSi-STAT3 had no effect on 4T1 cells proliferation in vitro and in vivo, suggesting different molecular bases for cell proliferation exit in different cell lines. To further investigate the difference of molecular bases between 4T1 cells and the others, we examined the expression level of p53, Cyclin D1 and Survivin, which take an important role in cell proliferation or apoptosis and were reduced after knockdown of STAT3 in ovarian cancer and other breast cancer (32, 33) . No change was found among the p53, Cyclin D1 and Survivin protein level. These results correlate well with the effect of STAT3 on the cell proliferation of 4T1 cells.
Gene therapy is a potential strategy for curing cancer and other diseases, but its success is highly dependent on delivery and expression system. Currently, gene therapy delivery system can be generally categorized into virus-based and nonvirusbased vectors. Viral vectors are highly efficient, but the safety is concerned due to their oncogenic potential, inflammatory and immunogenic effects (34) . By contrast, nonviral vectors, such as liposomes take the advantages of less immunogenic and toxic, easy for large-scale production and there is no limitation on the size of transferred DNA theoretically (35, 36) . At present, cationic liposome is the most extensively investigated vector and has been successfully used to deliver genes, proteins, oligonucleotides and antibiotics in several cell types (37) (38) (39) . In our lab, we used DOTAP-cholesterol liposome as the vector deliver system and demonstrated that it gets the advantage of highly efficient in vitro and in vivo (40, 41) . RNAi is the efficient way to regulate the expression of protein-coding genes (11) . Following the initial reports, it takes a remarkable short period of time for siRNAs triggers to be adopted as a standard component of the molecular biology toolkit (13) . Compared with chemically synthesized siRNA, plasmid-based siRNA expression system can potentially mediate long-term silencing with a single application (42) . Besides, shRNA is less likely to induce specific and non-specific off-target effects, because it is spliced by endogenous mechanisms (43) . Therefore, pGenesil-2 plasmid vector was used to express small interfering RNA targeting STAT3 in our study. The results indicated that pSi-STAT3 significantly inhibits 4T1 tumor growth and metastasis by systematic administration with DOTAP-cholesterol liposomes. In the present study, we didn't find any side effects in animals.
Metastases are the major cause of cancer-related mortality (2) . For the advancing in the past decades, there are still several clinical challenges for curing tumor metastases (1).
The metastatic process consists of a series of steps: invasion, which initiates the metastatic process; survival and arrest in the bloodstream and metastatic colonization that the final steps in the metastatic process, outgrowth at a distant site. In our study, blocking VEGF activity through pSi-STAT3 resulted in angiogenesis and primary tumor growth inhibition. Since blood vessels were inhibited, the tumor cells lost the route to metastasis. Importantly, VEGF is not the only target of STAT3 in 4T1 cells, MMP-2, MMP-9 and Twist are also regulated by STAT3. Knockdown of MMP-2, MMP-9 and Twist caused the 4T1 cell losing the ability of migration in vitro and invasion in vivo. Thus, STAT3-siRNA gets the double effect on inhibiting tumor cell metastasis: cutting down the escape route and destroying the microenvironment of cell invasion. According to the "seed and soil" theory first published in 1889 by Stephen Paget (44) , further studies should be taken to investigate whether STAT3-siRNA destroy the soil-lung microenvironment. Maybe it take an important role in inhibiting lung metastases formed.
In summary, we have shown that plasmid-based STAT3-siRNA expression system can efficiently inhibit STAT3, VEGF, MMP-2 and MMP-9 expression in vitro and systematic delivery of pSi-STAT3 by cationic liposomes leading to increased apoptosis, decreased tumor vascularity and lung metastases in vivo. These results indicate that targeting STAT3 with plasmidbased siRNA may have therapeutic benefit in the treatment of breast primary as well as metastatic tumor.
